Samples of soil, the broad bean plant, Vicia Faba and irrigation water were collected from the same agricultural site in Dokan, in the Kurdistan region of Iraq. Total arsenic and arsenic speciation were determined in all materials by ICP-MS and HPLC-ICP-MS, respectively.
Introduction
Arsenic (As) is considered a toxic element to humans, other animals and plants. As a consequence of contamination human health problems have occurred in various countries, often caused by high concentrations of As in the diet, originating from both drinking and irrigation waters, from crops (via soil), vegetables and meat products (Mayorga, Moyano, Anawar, & Garcia-Sanchez, 2013) . The detection of As in urine, faeces, skin, hair, nails and lungs has been used as indicators of potential As poisoning. Skin lesions are a later symptom of As toxicity, often a result of drinking water contaminated with high levels of As (Jain & Ali, 2000) . Both natural geological sources and anthropogenic activities, the latter such as the industrial production of pesticides, herbicides, wood preservatives and particularly mining, have increased As levels in ground water and soils leading to worldwide environmental concerns (Bhattacharya, Welch, Stollenwerk, McLaughlin, Bundschuh, & Panaullah, 2007) .
The topic of elemental speciation is now a well-established area of research.
Studying the chemical forms of elements help elucidate the mobility, biological availability distribution, and toxicity of the chemical element (Gupta et al., 2012; Ure & Davidson, 2002) . The inorganic As species, arsenite (As III ) and arsenate (As V )
are classified as being carcinogenic (Mandal & Suzuki, 2002) , and the organic As species monomethylarsonic acid (MMA) and dimethylarsinic acid, whilst less toxic than inorganic As, are still classified as being cancer promoters (Heitkemper, Vela, Stewart, & Westphal, 2001; Sanz, Muñoz-Olivas, & Cámara, 2005) . The guideline level for As in drinking water is considered to be 10 µg L -1 (Commission Directive, 22.5.2003; Petrusevski, Sharma, Schippers, & Shordt, 2007; WHO, 2006) . A maximum limit for As in food products has not yet been established by the EU.
However, the maximum levels are established in national legislation in some member States. For example, the statutory limit of As in foods in the UK is 1 µg g -1 fresh weight (Warren, Alloway, Lepp, Singh, Bochereau, & Penny, 2003 Plants can readily accumulate As, facilitating the transfer from soil to the food chain.
The predominant inorganic As species in the oxic layer of soils is arsenate which has a similar chemical behaviour to phosphate. Therefore, As V can enter plant species via the phosphate transporter system, after which the arsenate may be converted into arsenite in the plant biomass. The uptake and phytotoxicity of the As depends on the levels of phosphate in soil. In the soil particles at low levels of phosphate As can displace phosphate which increases the uptake and phytotoxicity, whereas high levels of phosphate compete with As at root surfaces which results in a decline in uptake and phytotoxicity (Mayorga, Moyano, Anawar, & Garcia-Sanchez, 2013 ).
The field of As speciation has developed rapidly following the development of sensitive and species-specific detection methods. High-performance liquid chromatography (HPLC) coupled with inductively coupled plasma mass spectrometry (ICP-MS), is now the analytical technique of choice in many laboratories because of the selectivity and sensitivity for As species (B'hymer & Caruso, 2004) .
The determination and distribution of the plant-available element and contents of soil is important in agricultural studies of plant nutrition and plant and animal elementdeficiency disease. This includes both major nutrients such as nitrogen, phosphorus and potassium as well as the essential trace elements and the potentially toxic elements (Ure & Davidson, 2002) . Heavy metal speciation together with the fractionation in the environmental media using sequential extraction techniques is of 4 major interest offering a realistic estimate of actual environmental impact. The various sequential extraction procedures used for sediments and soils (Zhang, Shan, & Li, 1998) were harmonized by the BCR (now the Standards, Measurements and Testing Programme; SM&T) which has developed a three stage, sequential extraction protocol (Cuong & Obbard, 2006) . According to this extraction protocol metals can be divided into acid soluble/exchangeable, reducible and oxidisable fractions (Baig et al., 2009) .
The aims of this study were to investigate both the total As and As species in different parts of a common vegetable food crop, the legume broad bean Vicia Faba.
This crop had been grown in Dokan south east Arbeel in the Kurdistan region of Iraq.
Since the As levels in the plant reflect the local growing environment, soil in which the broad beans were cultivated together with the irrigation water were both included in the study. This was to understand how the local habitat may impact on the uptake, and help elucidate the accumulation and transformation of As in these plants which are an important food source.
Experimental

Chemicals and Reagents
All chemicals used in this study were of analytical grade and used without further purification. All solutions were prepared using Milli-Q water (18 MΩ cm) unless otherwise stated. Total Cd, Cr, Cu, Ni, Zn, Fe, Mn and As standards were prepared from the high purity stock solution 100 µg mL European Commission (Gel, Belgium).
Instrumentation
The ICP-MS analysis was performed using an X Series 2 instrument (Thermo Scientific, Hemel Hempstead, UK). The operating conditions employed are described in . The mass spectrometer was set to sample ion intensities (peak jumping option) at the anaylzed mass ( The HPLC instrumentation operating conditions are illustrated in Table 1 .
Chromatographic separations were carried out using a Jasco chromatographic pump (Japan) with a 250 x 4.6 mm column packed with 10 µm particle size Hamilton PRP-6 X100 anion exchange resin. A 50 x 4.6 mm guard column packed with the same material was used to protect the analytical column. A Rheodyne 7152 injection valve (Rheodyne, Cotati, CA, USA) employing a six-way injection port was used. The interfacing between HPLC and ICP-MS was carried out using Teflon capillary tubing (0.5 mm i.d) which connects the column outlet directly with an inlet to the nebulizer.
An Oakton pH meter (Eutech Instruments, Singapore) was used to take pH readings.
The ICP-MS instrument was set to time-resolved data acquisition. Data for arsenic (m/z 75) were recorded using the peak jumping acquisition and displayed as massintensity-time plots as demonstrated in Fig. 1 . The concentration of each arsenic species was calculated using peak area and compared with known concentration standard solutions for qualitative (using retention time and spiking) and quantitative measurements.
Sampling and Sample preparation
Broad beans, together with the various parts of the plant (root, stem, leaf, pod and bean), soil samples and irrigation water were collected from the same agricultural sites located in Dokan southeast of Arbeel-Iraq in April 2014. The broad bean samples were placed in sealed containers at the point of collection. These were then washed with Milli-Q water and stored in a cooled plastic box. All samples were frozen at -40 ºC for 12 hrs in a freezer and then placed in a freeze drier for 48 hrs at -40 ºC. All dried samples were ground using an agate pestle and mortar to a fine powder and then sieved using a nylon 180 µm sieve. The samples were then stored in brown glass bottles and placed in a desiccator in order to avoid exposure to light and moisture until required for analysis.
Total arsenic content of the soil.
Total As available in the sample soil and the residues from the BCR fractionation steps were digested using a modified version of the LGC aqua-regia protocol as follows;-1-Only sub-samples of soil material that had passed through a 180 µm nylon mesh were subjected to acid extraction.
2-Each sample (approx. 0.50 g) was weighed accurately into a pre-cleaned beaker and then transferred to a large pre-cleaned long neck digestion tube.
3-Each beaker was then re-weighed so that an accurate weight of sample transferred to the tube could be obtained.
4-Concentrated hydrochloric acid (35%; 8 mL) and concentrated nitric acid (70%; 2 mL) was added and the sample allowed to stand at room temperature for at least one hour so that easily oxidised material could be destroyed.
5-After this process, the digestion tubes were placed in a Tecator digestion block (Digestion system 12, 1009 digester) and heated at 110 ˚ C for two hours.
6-After cooling, the extracts were transferred, quantitatively, without filtering to precleaned 100 mL capacity volumetric flasks and diluted to volume with deionised water.
7-Three replicates of each sample were prepared together with three replicates of the CRM Loam soil (ERM-CC141), European Commission, Geel, Belgium) for each batch digestion. The certified reference material was digested in the same way, while a procedural blank was prepared for analysis, omitting the sample.
Water samples
The irrigation water samples were collected from the on-site farm well where the plant and soil samples were collected and stored in HDPE sealed tubes. The pH of the water samples was adjusted with nitric acid to 2.0 in order to preserve any As speciation and prevent interchanges between species. Total arsenic was measured using ICP-MS.
Total As determination in plant samples
A Mars X press microwave lab station (CEM, USA) with 100 mL closed Teflon vessels with Teflon covers was used for the acid digestion of plant samples. Freeze dried plant samples (0.25 g) were weighed in triplicate and placed into separate
Teflon reaction vessels. Then 5 ml HNO 3 (70%) and 2 mL H 2 O 2 (30%) were added and the vessels were sealed. All samples were then digested for 43 min total digestion time at 1600 W. In the first step of the digestion, the temperature increased up to 160 ºC over 15 min and stayed at this temperature for a further 5 min. In the second step of the digestion the temperature increased from 160 to 200 ºC in 8 min and stayed at this temperature for a further 15 min. After digestion the Teflon reaction vessels were allowed to stand at room temperature until cool. Once the digestion was completed the samples were transferred quantitatively into pre . In and Ir were used to correct for instrument drift (due to sample viscosity effects, mass transport, etc.) during the measurement period, using ICP-MS. The certified reference material GBW10015 (spinach) was used to validate the total arsenic determination in different parts of the broad bean plant.
Phosphoric acid extraction for arsenic speciation in soil.
Soil samples, approx. 0.5 g were accurately weighted into a microwave vessel tube, and 25 mL of a mixture of 1.0 mol L -1 phosphoric acid and 0.1 mol L -1 ascorbic acid was then added to the tube. Ascorbic acid was added to inhibit any oxidation reaction of arsenic species (Garcia-Manyes, Jiménez, Padro, Rubio, & Rauret, 2002) . Samples were then extracted in a Mars Xpress microwave lab station (CEM, USA). The vessels were subjected to microwave digestion procedures under controlled conditions at 80 ˚ C for 20 min (Lou, Liu, & Liu, 2014) . After cooling, the samples were quantitatively transferred to a 50 mL capacity centrifuge tube. The same digestion procedure was repeated for all the samples. A reagent blank was prepared in similar fashion, but omitting the sample. The extracted samples were then centrifuged at 2000 rpm (Sanyo Centaur 2, UK) for a period of 20 minutes and the supernatant decanted into pre-cleaned 100 mL capacity volumetric flasks. The samples were then diluted to volume using Milli-Q water.
Extraction procedure for arsenic speciation in plant materials
Foster et al. (2007) used a procedure using 2% nitric acid to extract As species from marine plants and animal digestive tissues. They showed that dilute nitric acid is able to effectively remove inorganic As from tissue without oxidation of other major species in marine organism. Sun et al. (2009) also used nitric acid but at concentration of 1 % for extraction of As species. This latter method was adopted for this study. A sample (0.50 g) sample was accurately weighed into a 50 mL polypropylene digest tube and 20 mL of 1% of nitric acid added. The samples were then left overnight. Samples were then extracted using a Mars Xpress microwave lab station (CEM, USA). In the first step of the extraction, the temperature increased to 55 ºC over 3 min and was then held at this temperature for 10 min. In the second step of the extraction the temperature was increased from 55 ºC to 75 ºC over 3 min and then held for 10 min. Finally the temperature for extraction was raised to 95 ºC and held at this temperature for 30 min. Samples were then cooled to room temperature and centrifuged at 3000 rpm for half an hour. The supernatant was filtered through a 0.45 µm filter (Millipore) and kept at 4 ºC until required for analysis.
The GBW10015 (spinach) certified reference material was used to validate the extraction of arsenic species in different parts of the broad bean plant.
Sequential extraction method for As in soil
The extraction method employed was adopted from the modified BCR sequential extraction (three-step) procedure for the determination of extractable trace metal contents (Rauret et al., 2000) . The sequential extraction was performed using the steps described below:
-Step 1 (acid-soluble fraction -bound to carbonates)
For each sample, three 1.0 g dry soil replicates were placed into separate 50 mL polypropylene centrifuge tubes. Acetic acid (40 mL, 0.11 molL -1 ) was then added to each of the tubes which were subsequently shaken for 16 h at a room temperature of 22 ± 5 ºC. The extract was then separated from the solid phase by centrifugation at 3000 rpm for 20 min. The supernatant liquid was decanted into a 50 mL polypropylene centrifuge tube and stored in a refrigerator at 4 ºC prior to measurement. The residue was washed with 10 mL of de-ionized water and then shaken again for 15 min prior to being centrifuged for 20 min at 3000 rpm. The supernatant was decanted and removed carefully to avoid loss of the solid residue.
-
Step 2 (reducible fraction -bound to Fe and Mn oxides)
Hydroxylamine hydrochloride (40 mL, 0.5 mol L -1 ) adjusted to a pH of around 1.5 by adding of 2 mol L -1 HNO 3 was added to the centrifuge tube containing the residue from step 1. Again, the tube was shaken for 16 h at 22 ± 5 ºC at a speed of 30 ± 10 rpm. The extract was separated from the solid phase by centrifugation and decantation as described for
Step 1 and again stored at 4 ºC. The solid residue was washed as in Step 1 before proceeding to
Step 3.
-Step 3 (oxidizable fraction -bound to organic matter and sulfides)
Hydrogen peroxide (10 mL of 8.8 mol L -1 H 2 O 2 (pH of 2)) was added carefully, in small aliquots, to the residue from Step 2 in the centrifuge tube. The vessel was loosely covered with its cap and left for 1 h at room temperature for 1 h with occasional shaking. The tube was then placed in a water bath for 1 h at 85 ± 2ºC with occasional shaking during the first 30 min. The volume was then reduced to around 2-3 mL by further heating of the uncovered tube. Another 10 mL of 8.8 molL -1 H 2 O 2 (pH 2) was added. Again, the covered tube was heated to 85 ± 2 ºC and the digestion left for 1 h so that the volume in the uncovered tube was reduced almost to dryness. After cooling, 50 mL of 1.0 mol L -1 ammonium acetate (adjusted to pH 2 by adding concentrated HNO 3 ) was added to the residue and the tube was shaken for 16 h at room temperature (overnight). The extract was separated from the solid phase by centrifugation and decantation as described above and stored at 4ºC.
Results and discussion
3.1Results of CRM analyses for total arsenic
To validate the applied procedures, total As was determined in different certified reference materials for the different sample matrices. The analytical validity for arsenic was based on the use of CRMs, GBW 10015 spinach, loam soil (ERM-CC141) and BCR 701-lake sediment. These reference materials were selected to represent plant and soil samples. Good recoveries were found for total As in the spinach and loam soil, with values of 108 and 98 % of the certificate value respectively. The results for total arsenic content in all CRMs are shown in Table 2 .
Total arsenic determinations i) Soil sample
The different concentrations of As in different parts of the broad bean plant clearly has implications regarding the potential toxicity of As in this food crop if grown in areas with available As in the soil. To investigate the As uptake by broad beans further, the total concentration of As was also measured in soils collected from the same points as the plants. The modified LGC extraction protocol was applied to measure the total As content (aqua regia extractable content) in the soil and the concentration of total aqua regia extractable As in the soil samples was determined to be 5.32 µg g -1 (Table 3) .
ii) Irrigation water
The total concentration of As in the irrigation water was 1.06 µg L -1 (Table 3) Since the concentration of As in water is very low and lies near the limit of detection for species measured using HPLC-ICP-MS, speciation on the water was not performed. However, at this level, irrigation water was not felt to be significant As to the growing plant but would be a facilitator at the root surface and soil interface, assisting arsenic mobility.
iii) Plant material
The concentration of total As in the different parts of the broad bean plant (root, stem, leaf, pod and bean) ranged from 0.133-2.065 µg g -1 (Table 3 ).The majority of the As in the investigated plants was located in the roots, with a mean value for the triplicate measurements of 2.065 ± 0.033 µg g -1 dry weight (mean ± SD), while the lowest concentration of As was found in the bean (0.133 µg g -1
). The concentration of As in the bean of the broad bean plant found in this study was higher than that reported by Xu et al. (1985) and Munoz et al. (2002) but lower than the result of Bundschuh et al. (2012) whose values ranged from 2.3-2.9 µg g -1
.
To validate the applied procedure, arsenic was determined in the certified reference material GBW10015 (spinach) which demonstrated full recovery.
Arsenic speciation analysis i) Soil sample
Loam soil was used as a CRM to validate the phosphoric acid extraction procedure of As species from the crop soil that the broad bean plant was cultivated in. The results showed good extraction efficiency (95.6%) of total As in extracts compared with the certified value and 97.81% with respect to the aqua-regia extractable As content in loam soil, Table 4 . The As extraction efficiency from the soil was 99.62%.
The major species found in the soil was As V (4.584 µg g ) present. The stability of the As species (As III and As V ) under the applied extraction conditions was also measured by spiking those As species standards into the loam soil reference material. The results demonstrated good stability for both species after the extraction with a variability of only 2% for both species when considering the analytical uncertainty. This high stability may be attributed to adding ascorbic acid to the extractant media to prevent oxidation of As species (Giral, Zagury, Deschênes, & Blouin, 2010) .
ii) Plant sample
Inorganic species of As are generally considered to be the most toxic forms to humans (Jain & Ali, 2000) . It has been reported that some algae are able to metabolise arsenic. Simple methylated arsenic species such as MMA and DMA can be produced by algae through reduction of As V to As III by a methylation process. Whereas, arsenoriboses, specifically OH-ribose, PO 4 -ribose and OSO 3 -ribosehave been formed through the glycosidation process (Thomson, Maher, & Foster, 2007) . Although external methylated species of arsenic were not found in surrounding soil or water, arsenic species such as MMA, DMA and tetramethylarsonium ions have been found in a number of plants (Koch, Wang, Ollson, Cullen, & Reimer, 2000) . The presence of these As species in plants indicates that the methylation process may occur within plants.
The different As species concentration found in this study are presented in Table   4 .The extraction efficiencies ranged between 85% and 98%. Arsenic accumulation was found to be greater in the roots compared with other parts of the broad bean plant. The root As concentration was 2.065 µg g -1 which is more than fifteen times higher than the concentration of As in the bean itself. Studies performed by other workers have shown the same behaviour in Vicia Faba with the majority of As absorbed, and stored in the roots (Austruy et al., 2013) . The concentration of total As decreased gradually from the root to the bean of the broad bean plant. The leaf is an exception where As was found to accumulate at higher concentrations than in the stem and pod. This reduction in the total amount of As may reflect the eliminating metabolic pathway of As in broad bean plants.
Inorganic As (As III and As V ) were the major species found in the root, stem, leaf and pod of the broad bean plant, while the organic As species (MMA and DMA) were the major species in the bean of the broad bean plant (Fig. 2) . The species As III , As V and MMA were detected in all parts of the broad bean plant, whilst DMA was found in all organs of broad bean except in the leaf which was below the limit of detection.
In the root of the plant, inorganic As (As III and As V ) represented the predominant species (94 %) compared with the organic As species which was the minor arsenic species. As V was found to be the major species (78%) with smaller amounts of As III (16%). While DMA and MMA comprised of only 2% and 3% of total As concentrations in the root, respectively.
In the stem of the plant 51 % of total As was found to be its inorganic forms (As III and As V ) with As V being predominant, representing alone 33% of the total As in the stem of the broad bean plants in comparison with other As species. In the leaf As V was found to be the major species of As accounting for 56% of the total concentration of As, but As III was also present as a minor species. DMA was below the limit of detection.
In the pod of the broad bean, 35% of total As in the pod was As V while MMA was a minor species with 12% of the total As concentration. The results showed that DMA was higher than As III and MMA in the same part of the broad bean plant. In contrast, in the bean the organic As species were the main As species and MMA was found to be 49% of the total As concentration whilst As III (7%) represented the lowest concentration of the As species. The highest levels of both As V and As III in this study were found in the root, while interestingly the lowest levels of both species were found in the bean of the plant. The highest concentration of MMA was found in the leaf (0.101 µg g -1 ), with the same species giving the lowest value in the pod. In contrast the lowest value of DMA was found in the leaf and the highest value (0.07
) in the pod of the investigated plant.
The statutory limit set for As content in fruit, crops and vegetables is 1.0 µg g -1 (fresh weight) (Carbonell-Barrachina, Burlo, Lopez, & Martínez-Sánchez, 1999), therefore the As concentrations in edible parts of the broad bean (pod and bean) in this study were below this maximum limit. However, it is noted that both stems and leaves from the plant may form part of the diet of cattle and this other-animal food source may therefore allow arsenic to enter the human food chain.
Plant 'available' arsenic
To assess plant available arsenic in soils a standard BCR protocol was applied.
Because the value of As has not been certified in BCR 701(CRM used to validate the sequential extraction procedure in soil) for use with a sequential extraction procedure (three steps), the value of other metals (including Cd, Cr, Cu, Ni and Zn) were measured and compared in order to validate the applied procedure. However, Alvarez et al. (2012) have measured the As concentration in BCR 701 using the sequential extraction procedure and they performed just steps 1 and 2. The concentrations of As in steps 1 and 2 were 2.1 ± 0.1 µg As g -1 (mean ± SD) and 17.6 ± 0.4 µg As g -1 (mean ± SD), respectively. These results are comparable to
Alvarez et al's study who found the concentrations of arsenic in step one was 2.1 ± 0.1 µg As g -1 (mean ± SD) and in step two was 21.2 ± 1.1 µg As g -1 (mean ± SD). A standard sediment reference material BCR-701, (European Community Bureau of Reference) was analysed using 3 replicates. The extractable contents and recoveries in each step of the standard reference material used are presented in Table 5 . The recoveries of all metals from step1, except for Zn (80%) and Cd (81%) were higher than 90%, ranging from 90 to 113%. The recoveries of all metals from step 2 apart from Cd (72%) were between 90 % and 108%. For step 3, the recoveries of all metals except for Cu (72%) ranged from 91 % to 96%. It is noted that the total element contents is not an adequate means to assess the mobility of trace elements, their availability and eco-toxicity to plants whereas the determination of specific chemical forms or types of binding are useful tools for this purpose (De Gregori, Fuentes, Olivares, & Pinochet, 2004) . Although a phosphoric acid procedure was applied to extract the arsenic species in the studied Dokan soil, with inorganic As V being a major species, this is not an indication that the total arsenic contents are mobile and/or that the broad bean plant can take up all of the As species. The maximum amount of As which could potentially be mobilised in the soil under study (pseudo-total content) was 5.32 µg g -1
Overall only some 17 % of As in the analysed Dokan soil was mobilized using the BCR procedure in contrast to the 91.4 % of arsenic from BCR 701 that was mobilised using the same BCR sequential extraction, across all three stages. In this work, it was observed that 11 % As (0.6µgg
) was present in an easily acid-soluble extractable form. It is welldocumented that results obtained with the reagent from this step may provide good correlation with plant uptake (Gleyzes, Tellier, & Astruc, 2002) . The 'reducible fraction' extracted from the soil under study gave 4 % As (0.22 µgg . A soluble trace amount bound to this phase can be released by the degradation of organic matter under oxidizing conditions. The released organic fraction in the oxidisible fraction is not considered to be plant available (bioavailable) because being associated with stable humic substances there is only a slow release of small quantities of metals (Filgueiras, Lavilla, & Bendicho, 2002) . Arsenic in the studied soil was found to be bound mainly within the residual fraction (83%, 4.27 µg g -1
). Table 5 also places on record the extraction efficiencies for the major metallic species Cd, Cr, Cu, Ni, Zn, Fe and Mn present in the Dokan soil using the same 3 step BCR sequential extraction procedure. The profiles of availability are particularly different to the BCR lake CRM but demonstrate that, of the total level measured, elements like Cd, Cu, Ni, and Zn are more readily available in step 1 and 2; the acid soluble/plant available fraction and the reducible fraction. The 'oxidisable-bound to organic matter' etc. fraction contributed less.
It is interesting to note that, while the readily extractable As from the Dokan soil was only nearly 0.6 µg g -1
; (~11 % of the 5.32 µg g -1 aqua regia total), the levels of As encountered with the root system were nearly four times this available quantity on a mass-for-mass basis. Despite this almost preconcentrating effect at the root system the plants strategy to deal with the arsenic-loading is suggested in the distribution and speciation of arsenic within the 'disposable' plant tissue; with totals showing that leaf > pod > stem and with protection of the bean and a restriction at the root.
One way of presenting and interpreting the findings of this survey may be seen in the Schematic diagram figure 3 . Here, the distribution of total arsenic and arsenic species from soil, through root, stem, leaf, pod and finally bean is shown both in concentration terms and fractional contribution for each compartment. It is noted that i) the inorganic As V content decreases from the root to the bean both in absolute concentration and as a fraction.
ii) the Arsenic III content as a fraction remains approximately constant except for that in the bean. It decreases in absolute concentration throughout and finally as a fraction.
iii) the organo-arsenic content in the plant compartments is virtually constant and suggests it is transported from the root system but is not a later major metabolite of the plant, i.e. possibly made around the root system and then absorbed. The exclusion of inorganic arsenic to the bean results in an 'organic-to-inorganic' ratio of 2:1.
iv) the route taken to the leaf for As is selective showing increased absolute concentration and fractional content suggesting this is a means of disposing of inorganic As (As III and As V ). The organo-arsenic content of the leaf, however, is approximately the same as other compartments in absolute concentration terms and lower as a fraction.
Conclusion
Chemical speciation of As in food is important as the toxicity varies greatly between different species. This study provides useful information for a better understanding of the uptake and distribution of As species in different parts of the broad bean plant (root, stem, leaf, pod and bean) and its coping strategy for this less desirable element. In addition, this study includes the measurement impact that available As from the soil it is grown in has on the plants. The root system of broad bean plants accumulates the highest level of total As compared with the other compartments from the same plant. The As speciation in different 'compartments' of the broad bean was dominated by inorganic forms (50.85-94.31%) with the exception of the bean itself, where organic As (DMA and MMA) was predominant accounting for 68 % of the total As found in the bean. The major As species found in the root, stem, leaf and pod was inorganic As V while in the bean it was MMA. In addition, the highest concentrations of both inorganic As V and As III in the different parts of the broad bean plant were found in the root. However, the highest concentration of DMA was found in the pod while the highest level of MMA was found in the leaf. Table 5 Results of analysis of CRM (BCR 701-lake sediment) and soil under study using BCR-sequential extraction; mean± standard deviation (n=3) Supplementary Fig. 1 The speciation of arsenic using HPLC-ICP-MS. As III , DMA, MMA and As V 50 µg L -1 . The operating conditions are shown in Tables 1.
